PURPOSE. This study was undertaken to investigate the role of connective tissue growth factor (CTGF) in fibroblast-to-myofibroblast differentiation and fibroblast-mediated collagen matrix contraction in the presence of mechanical stress.
S
tromal wound healing involves activation of quiescent fibroblasts (known as keratocytes in the cornea), migration of activated fibroblasts to the site of injury, and differentiation of fibroblasts into myofibroblasts. These events lead to wound contraction and extracellular matrix remodeling. 1 Myofibroblasts are central to wound contraction. They have been shown to generate the contractile forces required for wound closure and healing. [1] [2] [3] The differentiation of corneal fibroblasts into myofibroblasts can be identified by the expression of ␣-smooth muscle actin (␣-SMA), which is organized into stress fibers. 4 The expression of ␣-SMA during corneal wound healing has been linked directly to wound contraction in vivo and is limited to myofibroblasts within the wound. 3 Regulation of myofibroblast differentiation is crucial because an excessive number of myofibroblasts is associated with increased pathologic scar formation. 5 Soluble mediators of wound repair, such as growth factors, are important in regulating myofibroblast differentiation.
Studies of fetal wounds, which heal without scarring, have revealed different growth factor profiles in the embryo and fetus from those of adult wounds. 6 In particular, low levels of transforming growth factor (TGF)-␤, a potent stimulator of the scarring response in adults, are found in the fetus. Numerous publications have established the pivotal role of TGF-␤ in wound healing. [7] [8] [9] TGF-␤ is a potent stimulator for connective tissue formation during wound repair. 10, 11 It stimulates fibroblast proliferation, 12 extracellular matrix synthesis, 13 and decreases extracellular matrix degradation. 8 Therefore, inhibiting the actions of TGF-␤ is an attractive strategy for therapeutic modulation of scarring in the body. More recent attention has turned to the role of connective tissue growth factor (CTGF) which is regulated downstream from TGF-␤. 13 During wound repair, TGF-␤ mRNA is coordinately expressed with that of CTGF. 14, 15 Both TGF-␤ and CTGF are overexpressed in various fibrotic conditions. 16 The findings that TGF-␤ increases CTGF synthesis and that TGF-␤ and CTGF share many biological functions, such as fibroblast activation and stimulation of extracellular matrix protein production, 17 are consistent with the hypothesis that CTGF is a downstream mediator of TGF-␤. 9 However, although TGF-␤ has been found to play a central role in fibroblast-to-myofibroblast differentiation 3, 4 and to induce the matrix contraction involved in scarring, 18 the involvement of CTGF in these events is not clear, despite the coexpression of these growth factors during wound healing.
Recently, it was shown that TGF-␤ stimulation of fibroblast differentiation into myofibroblasts is enhanced when mechanical tension is applied to the cells. 19, 20 This suggests that the mechanism of TGF-␤1's stimulation of contraction may vary, depending on the mechanical stress loaded on the cells. Furthermore, it has been suggested that contraction at different stages in wound healing, where mechanical stress builds up from early to late stage of healing, may be driven by different forces 21 : tractional forces generated by fibroblasts migrating into a wound at the early stage of wound healing [22] [23] [24] and contractile forces generated by differentiated myofibroblasts from fibroblasts at a later stage. 21, 25 Using free-floating collagen lattices, which are thought to represent the early stage of wound healing in vivo, we demonstrated the involvement of CTGF in mediating matrix contraction by fibroblasts involving matrix metalloproteinases (MMPs). 26 However, the involvement of CTGF in mediating collagen matrix contraction in the presence of mechanical stress is not known. The effect of mechanical stress is also important because, in a living organism, almost all tissues are constantly exposed to mechanical stresses, such as the forces originating from gravity and body movements.
To reflect the in vivo situation of mechanical tension, various models have been used to study cells and tissues in vitro. The model of fibroblasts grown in a three-dimensional collagen lattice has attracted considerable attention. 27, 28 Under these conditions, endogenous tension has been generated in the collagen matrix by tethering the lattice. 29, 30 This model provides an in vitro environment that approximates the woundhealing state found in vivo, thus offering the opportunity to investigate fibroblast-myofibroblast responses to growth factors during wound healing.
In this study we used the in vitro wound-contraction model of human corneal fibroblasts cultured within a three-dimensional network of collagen, in the presence of mechanical stress, to investigate whether CTGF is involved in myofibroblast differentiation and fibroblast collagen matrix contraction and whether stimulation of these events by TGF-␤1 occurs through CTGF-dependent or -independent pathways. Our study demonstrates that exogenous CTGF is unlikely to be a direct mediator of myofibroblast differentiation and subsequent collagen matrix contraction in the presence of mechanical stress. TGF-␤1 stimulation of these events could be CTGF dependent.
METHODS

Growth Factors
Recombinant human CTGF was prepared with a baculovirus expression system. 17 Human recombinant TGF-␤1 was obtained from R&D Systems (Oxford, UK).
Antisense and Scrambled-Sequence Oligodeoxynucleotides to CTGF
A 20-mer CTGF antisense oligodeoxynucleotide with the sequence GCC-AGA-AAG-CTC-AAA-CTT-GA was synthesized as previously described. 26 A 20-mer oligodeoxynucleotide containing a scrambled nucleotide sequence with a random mix of all four bases was used as the negative control. Concentrated solutions of the CTGF antisense and scrambled oligodeoxynucleotides were made in the serum-free (SF) medium described in the next section and added to the cell cultures to produce final concentrations of 1, 10, and 100 M.
Cell Culture
Human corneal fibroblasts were harvested and cultured, as previously described, 31 from corneas donated, with informed consent, to Moorfields Eye Hospital Eye Bank. Briefly, fibroblasts were isolated from corneal tissue explants and cultured with fibroblast culture medium composed of Dulbecco's modified Eagle's medium (DMEM; SigmaAldrich, Poole, UK) supplemented with 10% (wt/vol) fetal calf serum, 2 mM L-glutamine, 100 IU/mL penicillin, and 100 g/mL streptomycin (all supplied by Invitrogen-Gibco Life Technologies, Paisley, Scotland, UK) at 37°C with 5% (vol/vol) CO 2 in air. Cultures were used for experimentation between passages 2 and 7. The tenets of the Declaration of Helsinki were followed and institutional ethics committee approval for the use of human cells was granted.
ELISA for ␣-SMA
To investigate the ability of TGF-␤1 or CTGF to stimulate ␣-SMA expression of cultured monolayers, ELISA was used to quantify ␣-SMA expression as previously described. 32 Briefly, human corneal fibroblasts were plated at 1 ϫ 10 4 cells/well in a 96-well tissue culture plate (Corning Costar, Corning, NY). Cells were serum starved overnight, after which growth factors were added in fresh SF medium. The cells were treated with concentrations of TGF-␤1 or CTGF (0 -10 ng/mL), and in SF DMEM supplemented with 1% (wt/vol) cell-culture-tested bovine serum albumin (BSA; Sigma-Aldrich), 100 IU/mL penicillin and 100 g/mL streptomycin. SF DMEM supplemented with 1% BSA was used as the control treatment. After treatment of cells with growth factors for 3 days at 37°C with 5% (vol/vol) CO 2 in air, cells were fixed in methanol at Ϫ20°C for 30 minutes and nonspecific protein-binding sites were blocked for 1 hour by PBS containing 1% BSA (wt/vol) and 0.1% Tween-20 (vol/vol). Cells were incubated for 2 hours at 37°C with a monoclonal anti-␣-SMA antibody (clone 1A4; Sigma-Aldrich) in PBS/1% BSA (1:2000 dilution). Cells were then incubated in horseradish peroxidase-conjugated anti-mouse IgG secondary antibody (Dako, High Wycombe, UK) in PBS-1% BSA (1:1000 dilution) for 1 hour at 37°C. Cells were washed with PBS and incubated with 100 L TMB (3,3Ј,5,5Ј-tetramethyl-benzidene; One Solution Promega, Madison, WI) at RT for 15 minutes until the color developed. The color reaction was terminated by adding 1 N HCl to the wells (100 L/well). Absorbance was read at 450 nm with a 630-nm reference filter, on a multifunction microplate reader (Safire; Tecan Austria GmbH, Grödig/Salzburg, Austria).
Fibroblast-Seeded Collagen Lattice Preparation and Contraction Assay
SF fibroblast-seeded collagen lattices (FSCLs) were prepared by mixing concentrated DMEM (Sigma-Aldrich) with type I rat tail collagen (5 mg/mL; Sigma-Aldrich), and the pH of the mixture was neutralized with 0.1 M NaOH before adding concentrated DMEM containing human corneal fibroblasts, to give a final cell density of 6.7 ϫ 10 5 /mL of lattice mixture. To generate mechanical stress in the collagen matrix, after polymerization of the lattice mixture, FSCLs remained attached to the culture well and were cultured in the test medium for 48 hours, to allow the development of mechanical tension. To release, the lattice was completely detached with a pipette tip. FSCL contraction was measured over a period of 0 to 24 hours after release. At each time point the lattices were digitally photographed (Casio Computer Co. Ltd., Tokyo, Japan) from a fixed distance, and their areas were calculated in pixels with image analysis software (Image Tool; University of Texas Health Sciences Center San Antonio [UTHSCSA], San Antonio, TX). The lattices were rinsed with PBS (Invitrogen-Gibco) and fixed in 3.7% formaldehyde in PBS for 5 hours. Conditioned media from the FSCLs was collected from each treatment group. Triplicate samples per treatment were tested, unless otherwise indicated. Each experiment was repeated at least three times with cells from different donors.
Growth Factor Stimulation of FSCL Contraction
To assess fibroblast lattice contraction in response to growth factors, FSCLs were treated with concentrations of TGF-␤1 or CTGF (0 -10 ng/mL) in SF medium. The SF medium was used as a control.
FSCL Contraction in Response to Inhibition of CTGF Gene Transcription
To investigate whether FSCL contraction responds to inhibition of CTGF gene transcription in the presence of TGF-␤1 and mechanical stress, FSCL was mechanically stressed and treated with TGF-␤1 (10 ng/mL) plus antisense oligodeoxynucleotides to CTGF (1, 10, and 100 M). TGF-␤1 (10 ng/mL) with a scrambled-sequence oligodeoxynucleotide (100 M) was used as a negative control.
CTGF Protein Expression by Fibroblasts in FSCL
To investigate the ability of TGF-␤1 to induce CTGF expression at the protein level, conditioned medium from FSCL was measured for CTGF protein expression using a capture sandwich ELISA with biotinylated and nonbiotinylated affinity-purified goat antibodies to human CTGF, as described previously.
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FSCL Contraction in Response to Exogenous CTGF When CTGF Gene Transcription Is Inhibited
To test our postulation that CTGF may be essential in modulating FSCL contraction after FSCLs are primed with TGF-␤1, FSCLs were mechanically stressed and treated with TGF-␤1 (10 ng/mL) plus oligodeoxynucleotides to CTGF (100 M) and exogenous CTGF (10 ng/mL). TGF-␤1 (10 ng/mL), with a scrambled-sequence oligodeoxynucleotide (100 M) and CTGF (10 ng/mL), was used as a negative control.
Effect of TGF-␤ Antibody on FSCL Contraction and ␣-SMA Expression in the Presence of Mechanical Stress Only
To test whether endogenous TGF-␤1 acts in an autocrine fashion to stimulate FSCL contraction and ␣-SMA expression under mechanical stress and SF conditions, FSCLs were mechanically stressed and treated with monoclonal anti-TGF-␤1, -␤2, -␤3 antibodies (R&D System) at a concentration of 0.03, 0.3, and 3.0 g/mL in SF medium. The same concentrations of mouse IgG added in SF medium were used as the control.
Immunodetection of ␣-SMA in FSCLs
The fixed collagen lattices were permeabilized for 15 minutes with 1% Triton X-100 (Sigma-Aldrich) at room temperature (RT). They were blocked for 1 hour with 10% FCS at RT. For immunostaining of ␣-SMA, the monoclonal anti-␣-SMA antibody conjugated with Cy3 (Clone 1A4; Sigma-Aldrich) was added to the lattices (1:200 in blocking buffer) and incubated overnight at RT. After the lattices were rinsed with PBS and exposed for 1 minute to 4Ј,6-diamidino-2-phenylindole (DAPI) dye (1:5000 in PBS; Sigma-Aldrich), they were rinsed and mounted on a glass slide with antifade agent. Cells were viewed with a laser scanning confocal microscope (LSM510; Carl Zeiss Meditec, Jena, Germany).
The proportion of myofibroblasts and fibroblasts was determined by counting the number of cells containing ␣-SMA stress fibers as a proportion of the total number of cells visualized by DAPI-stained nuclei. Three random fields of view at ϫ40 final magnification were analyzed with image analysis software (LSM Image Browser; Carl Zeiss Meditec).
Statistical Analysis
All results are expressed as the mean Ϯ SD. One-way analysis of variance (ANOVA) was performed by computer (Sigmastat for Windows; SPSS Inc., Chicago, IL). The observed significance levels were adjusted with the Bonferroni test for multiple comparisons. P Ͻ0.05 was considered significant.
RESULTS
Induction of ␣-SMA Expression by TGF-␤1 but Not by CTGF Alone
Myofibroblasts are central to wound contraction. Regulating the ability of fibroblasts to express ␣-SMA protein, a marker for myofibroblast differentiation, is crucial in controlling wound contraction. Therefore, we began by examining ␣-SMA protein expression by human corneal fibroblasts in monolayer in response to growth factor treatments. Figure 1 shows that compared with the SF control, TGF-␤1, but not CTGF, significantly stimulated ␣-SMA expression with all the concentrations tested. The maximum effect occurred with 1 and 10 ng/mL. No significant difference in ␣-SMA expression was detected for CTGF at 0.1, 1, and 10 ng/mL. A concentration of 10 ng/mL for both TGF␤-1 and CTGF was used for further experiments.
Stimulation of Mechanically Prestressed FSCL Contraction by TGF-␤1 but Not by CTGF Alone
We next investigated the role of growth factors in fibroblastmediated collagen matrix contraction in the presence of mechanical stress. Figure 2 shows that after release of prestressed FSCLs, all the treatment groups supported FSCL contraction. However, TGF-␤1 stimulated significantly more contraction FIGURE 1. Effect of TGF-␤1 and CTGF on ␣-SMA expression quantified by ELISA. Human corneal fibroblasts were seeded on a culture plate, serum-starved overnight, and treated with CTGF (0.1, 1, 10 ng/mL) and TGF-␤1 (0.1, 1, 10 ng/mL) for 3 days. SF medium was used as a control. Data are the mean Ϯ SD of results in six samples. *Significant difference (P Ͻ 0.05) from the SF control.
FIGURE 2.
Effect of TGF-␤1, mechanical stress, and CTGF on fibroblast-mediated collagen matrix contraction. The extent of FSCL contraction calculated by the percentage reduction of the lattice areas measured in pixels, are shown after 2 days of culture, in the presence of mechanical stress, with the treatment of TGF-␤1 (10 ng/mL) or CTGF (10 ng/mL), and 24 hours after lattices were released from the stress. Serum free (SF) medium was used as a control. Data are mean Ϯ SD of results in four samples. *Significant difference (P Ͻ 0.05) from the SF control.
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than CTGF and the SF control. No significant difference was found between CTGF-and SF-stimulated FSCL contraction.
Effect of Inhibition of CTGF Gene Transcription on TGF-␤1-Stimulated FSCL Contraction
Because CTGF has been shown to mediate a number of TGF-␤1-stimulated functions in fibroblasts, [33] [34] [35] CTGF may present a downstream target for TGF-␤1 regulation and play a role in mediating TGF-␤1-stimulated matrix contraction under mechanical tension. To test this hypothesis, FSCLs were treated with TGF-␤1, together with concentrations of antisense oligodeoxynucleotides that target CTGF mRNA or a scrambled CTGF oligodeoxynucleotide sequence control. As is shown in Figure 3 , increasing the concentration of the CTGF antisense oligodeoxynucleotide from 1 to 100 M inhibited TGF-␤1-stimulated FSCL contraction in a dose-dependent manner, without toxicity to the cells (data not shown). The addition of a scrambled-sequence control did not show any significant difference in contraction compared with TGF-␤1. These findings indicate that a level of CTGF protein may be synthesized by TGF-␤1-treated fibroblasts in FSCLs.
Induction of CTGF Protein Synthesis by Mechanically Stressed Fibroblasts in FSCLs
To determine the effect of CTGF gene-downregulation, conditioned media from FSCLs treated with TGF-␤1, TGF-␤1 plus CTGF antisense oligodeoxynucleotides, or scrambled-sequence control or SF medium and SF plus CTGF antisense oligodeoxynucleotides were assayed for CTGF protein synthesis by ELISA. Figure 4 shows that a much higher level of CTGF protein was detected in the presence of TGF-␤1 (ϳ1.38 ng/mg; A) compared with the SF control (ϳ0.15ng/mg; B). Increasing concentrations of the CTGF antisense oligodeoxynucleotides from 1 to 100 M inhibited TGF-␤1-stimulated CTGF expression in a dose-dependent manner, and the scrambled control had little effect (Fig. 4A) . Similarly, the level of CTGF protein expression decreased significantly when CTGF antisense oligodeoxynucleotide was added to the mechanically stressed lattices cultured with SF medium only (Fig. 4B) .
Correlation of Increased Expression of ␣-SMA with Increased FSCL Contraction
To correlate the extent of fibroblast-to-myofibroblast differentiation during collagen matrix contraction, ␣-SMA assembly into stress fibers of cells in FSCLs in response to growth factors FIGURE 4. The effect of CTGF antisense oligodeoxynucleotide on CTGF protein expression in the presence of TGF-␤1 (A) and mechanical stress (B). CTGF protein level was analyzed by ELISA of the conditioned media collected from the FSCLs, which were stressed and treated for 48 hours with TGF-␤1 (10 ng/mL); TGF-␤1 (10 ng/mL) plus antisense oligodeoxynucleotides to CTGF (1, 10, and 100 M); or TGF-␤1 (10 ng/mL) plus a scrambled-sequence oligodeoxynucleotide (100 M) (A); or with SF, SF plus antisense oligodeoxynucleotides to CTGF (100 M), and SF plus a scrambled-sequence oligodeoxynucleotide (100 M) (B). *Statistically significant differences (P Ͻ 0.05) from the TGF-␤1 treatment (A), and from the SF control (B). and antisense oligodeoxynucleotide treatments was investigated. ␣-SMA expression was clearly shown, to various degrees, with all treatments (Fig. 5, histogram) . The cell morphology also varied among the treatments (Figs. 5A-E). With TGF-␤1, a known stimulator of myofibroblast differentiation, abundant formation of intracellular stress fibers, a characteristic of differentiated myofibroblast cells, was clearly seen (A, micrograph). However, the SF control (B), CTGF alone (C), and TGF-␤1 plus antisense oligodeoxynucleotide to CTGF (D) shared similar cell morphologies, with much less stress fiber formation. The morphology of the cells treated with TGF-␤1 plus scrambled oligodeoxynucleotides (E) was similar to those of the TGF-␤1 treatment (A). In addition, the extent of myofibroblast differentiation also varied among the treatments. When the percentage of myofibroblast differentiation was quantified, TGF-␤1 stimulated approximately 90% of the cells to differentiate into myofibroblasts (A, histogram). In contrast, ␣-SMA expression in exogenously added CTGF-treated FSCLs (C) did not significantly differ from control levels (ϳ70%; B). Furthermore, with addition of CTGF antisense oligodeoxynucleotide to the TGF-␤1 treatment, myofibroblast differentiation was significantly inhibited to approximately 40% (D), whereas addition of CTGF scrambled-sequence control (E) did not show significant inhibition compared with TGF-␤1 treatment, suggesting that TGF-␤1-induced myofibroblast differentiation may be mediated by a CTGF-dependent pathway.
Induction of FSCL Contraction by Exogenous CTGF When CTGF Gene Transcription Is Inhibited
To test whether exogenous CTGF can compensate for inhibition of CTGF gene transcription, exogenous CTGF was added to the treatment of TGF-␤1, where the CTGF protein expression was inhibited by CTGF antisense oligodeoxynucleotides; and, as a result, the FSCL contraction occurred to a level similar to that with the treatment of TGF-␤1 only (Fig. 6) . Furthermore, addition of exogenous CTGF to the TGF-␤1 treatment did not show any significant difference in stimulating FSCL contraction compared with the TGF-␤1 treatment.
Inhibitory Effect of TGF-␤ Antibody on FSCL Contraction and ␣-SMA Expression in the Presence of Mechanical Stress Only
To test whether a high level of ␣-SMA expression by the mechanically stressed fibroblasts under the SF conditions was due to stimulation of the endogenous TGF-␤, we investigated the effect of TGF-␤ function-blocking antibody on myofibroblast differentiation and collagen matrix contraction. Figure 7 (histogram) shows the contraction of mechanically stressed FSCL treated with monoclonal TGF-␤1, -␤2, -␤3 antibody was inhibited in a dose-dependent manner with maximum effect at the concentration of 3 g/mL, at which contraction was inhibited from approximately 60% to 20%, compared with that of the control. There was no difference in FSCL contraction among the SF controls with added mouse IgG at the different concentrations (data not shown). Furthermore, the monoclonal TGF-␤1, -␤2, -␤3 antibody also inhibited ␣-SMA expression, reducing it from approximately 75% (Fig. 7A) to 45% (Fig. 7B) , and little formation of intracellular stress fibers was observed in the cells treated with the TGF-␤ function-blocking antibody. These data support the hypothesis that endogenous TGF-␤ may act in an autocrine fashion to stimulate myofibroblast differentiation and subsequent collagen matrix contraction.
DISCUSSION
Corneal wound healing involves the activation of keratocytes to fibroblasts, migration of fibroblasts to the wound, fibroblast differentiation into myofibroblasts, and extracellular matrix deposition and remodeling. TGF-␤ plays a major role in initiating such complex cell-matrix-cytokine interactions. It stimulates both fibroblast proliferation and the synthesis and secretion of several extracellular matrix components. 8, 12, 13 Consequently, much research has been performed to study TGF-␤ signaling pathways to identify agents that block the biological actions of TGF-␤-the purpose being to control the wound-healing response and excessive matrix contraction that can induce pathologic scarring. One cytokine selectively induced in connective tissue cells by TGF-␤ is CTGF. 14,15 CTGF mimics many actions of TGF-␤ in connective tissue cells. CTGF is known to have mitogenic effects on proliferation, migration, matrix production, angiogenesis, adherence, and granulation tissue formation. 17, 34, 35 In addition, some of the effects of TGF-␤1, such as anchorage-independent growth of normal rat kidney (NRK) fibroblasts and collagen synthesis by these cells, have been demonstrated to be mediated through a CTGFdependent pathway. 34 -37 We have also demonstrated the requirement of CTGF for TGF-␤1-mediated matrix contraction by fibroblasts in the absence of mechanical tension, using an in vitro model representing the early stages of wound healing. 26 In the present study, we used an in vitro model representing the later stages of wound healing involving myofibroblasts and investigated whether the effect of TGF-␤1 on differentiation of fibroblasts into myofibroblasts and subsequent matrix contraction under mechanical tension is mediated by CTGF-dependent pathways.
The myofibroblast is a central player in the wound repair and scarring process. The ability of cells to exert force on the collagen matrix has been shown to depend on the actin cytoskeleton, such as ␣-SMA.
23,38 ␣-SMA is a critical component of the contractile apparatus of myofibroblasts with expression regulated by environmental factors specific to the wound tissue. 3 The present study supports the previous findings that TGF-␤1 is a potent stimulus of ␣-SMA expression in corneal fibroblasts. 39, 40 This effect was observed in monolayer cultures and in tethered three-dimensional collagen lattices. However, exogenous CTGF did not appear to stimulate ␣-SMA expression by human corneal fibroblasts at the levels that are significantly FIGURE 7. Inhibitory effect of TGF-␤1 on ␣-SMA expression in FSCL and FSCL contraction. Three-dimensional reconstruction of ␣-SMA that is present in FSCL by means of laser scanning confocal microscopy, after 2 days of culture, in the presence of mechanical stress, with treatment with SF (A) and SF containing the monoclonal TGF-␤1, -␤2, -␤3 antibody at a concentration of 3 g/mL (B). ␣-SMA was visualized by means of immunofluorescence with a Cy3-conjugated monoclonal antibody against ␣-SMA. The extent of FSCL contraction, calculated by percentage reduction of the lattice areas measured in pixels, is also shown after 2 days of culture, in the presence of mechanical stress, with the treatment of SF and SF containing monoclonal TGF-␤1, -␤2, -␤3 antibody at concentrations of 0.03, 0.3, and 3 g/mL, and 24 hours after lattices were released from stress. Data are the mean Ϯ SD of results in three samples. *Statistically significant differences (P Ͻ 0.05) from the SF control treatment. Scale bar, 20 m. FIGURE 6. Induction of FSCL contraction by exogenous CTGF when CTGF gene transcription was inhibited. Extent of FSCL contraction calculated by percentage reduction of the lattice areas measured in pixels, are shown after 2 days of culture, in the presence of mechanical stress, with the treatment of TGF-␤1 (10 ng/mL); TGF-␤1 (10 ng/mL) containing antisense oligodeoxynucleotides to CTGF (100 M); TGF-␤1 (10 ng/mL) containing CTGF antisense (100 M) plus CTGF (10 ng/mL); TGF-␤1 (10 ng/mL) containing scrambled-sequence control (100 M) plus CTGF (10 ng/mL); or TGF-␤1 (10 ng/mL) containing CTGF (10 ng/mL), and 24 hours after lattices were released from stress. Data are the mean Ϯ SD of results in three samples. *Statistically significant differences (P Ͻ 0.05) from the TGF-␤1 treatment.
different from the SF controls, agreeing with previous findings in rabbit corneal fibroblasts. 40 The weight of evidence supports the hypothesis that increased expression of ␣-SMA is sufficient to increase the capacity of myofibroblasts to generate contractile forces, both in vitro and in vivo. 37, 40, 41 Our results clearly demonstrated a good correlation between myofibroblast differentiation and collagen matrix contraction, using the FSCL model. Treatment of fibroblasts with TGF-␤1 in tethered collagen lattices induced fibroblast-mediated collagen matrix contraction that correlated with an increase of ␣-SMA expression stimulated by TGF-␤1. In contrast, CTGF treatment alone did not appear to induce significantly higher FSCL contraction than the SF control. However, under the SF control conditions, high levels of ␣-SMA expression (ϳ70%) by the mechanically stressed fibroblasts and consequently high levels of fibroblast-mediated collagen matrix contraction (ϳ55%) were observed in the present study. This is in contrast with the previous findings in which only 5% to 10% of the fibroblasts were found to express ␣-SMA when cultured with serum. 40, 42, 43 This could be that the mechanical stress loaded on the cells in our present study autoinduced sufficient factors to stimulate fibroblasts to express ␣-SMA. Induction of TGF-␤1 by mechanical stress, for example, has been reported. 44 Furthermore, the inhibitory effect of TGF-␤ antibody on ␣-SMA expression by fibroblasts and subsequent collagen lattice contraction suggest that endogenous TGF-␤1 may act in an autocrine fashion to stimulate fibroblastto-myofibroblast differentiation and collagen matrix contraction, and supplementation with CTGF does not enhance this effect without TGF-␤1 priming.
CTGF is thought to be essential for the mediation of some of the actions of TGF-␤. [33] [34] [35] In vitro, TGF-␤ is capable of inducing transient CTGF mRNA upregulation. It is not known, however, what aspects of the fibroblast response to corneal injury involve CTGF and how this relates to the role of TGF-␤ and other processes of wound repair. The results from our antisense oligodeoxynucleotide study demonstrate that inhibiting CTGF gene transcription in the presence of TGF-␤1 stimulation using antisense oligodeoxynucleotides that target CTGF mRNA could counteract TGF-␤1 stimulated myofibroblast differentiation and collagen matrix contraction. This indicates that CTGF may act as a downstream mediator of TGF-␤1 in fibroblast-to-myofibroblast differentiation and fibroblast-mediated collagen lattice contraction, whereas exogenous CTGF did not appear to be a direct mediator. These leads us to hypothesize that fibroblasts, in the presence of mechanical stress, may only respond to CTGF if they were first primed with TGF-␤1. This TGF-␤1 priming effect could occur as a result of TGF-␤1 induction of expression of CTGF and the CTGF receptors.
Induction of CTGF mRNA and protein by TGF-␤ treatment of rabbit corneal fibroblasts has been reported. 40 Some studies have found a dramatic increase in CTGF expression after the addition of TGF-␤ and a significant decrease after the addition of cAMP, an inhibitor of CTGF gene transcription. 33 We also found a significant stimulation of CTGF expression in stressed fibroblasts treated with TGF-␤1. Addition of antisense CTGF oligodeoxynucleotides to the TGF-␤ treatment strongly depressed the CTGF protein by nearly 10-fold. This result confirms that CTGF can be induced by TGF-␤1 treatment of human corneal fibroblasts under mechanical stress in a collagen matrix, which is in line with many other published observations. 13, 33, 40 Mechanical stress may also play a role. It may stimulate TGF-␤1 expression, which in turn stimulates CTGF expression in an autocrine fashion. Furthermore, using gene array technology, CTGF gene expression has been found to be stress responsive. 45 However, some researchers have reported that CTGF expression is independent of high TGF-␤ levels, and induction appears to be more directly caused by mechanical stress, 44 which is in contrast to our findings in this study. We found a nearly 10-fold stimulation of CTGF expression in stressed fibroblasts after the addition of TGF-␤1, supporting the suggestion that TGF-␤1 regulates CTGF gene expression by autocrine or paracrine mechanisms. 17 With these mechanisms, TGF-␤1 may induce downstream signal transducers for CTGF or suppress an inhibitor of the CTGF signaling system. It may also induce CTGF receptors. A specific, high-affinity binding site of CTGF has been detected in human corneal fibroblasts (Blalock TD, et al. IOVS 2002; 43 : ARVO E-Abstract 4213). Although these hypotheses need further investigation, our results indirectly suggest that TGF-␤1 induced fibroblasts to express CTGF receptors. This was supported by the following findings: (1) Exogenous CTGF alone did not stimulate FSCL contraction; (2) TGF-␤1 stimulated FSCL contraction, and blocking CTGF expression by CTGF antisense oligodeoxynucleotides inhibited TGF-␤1-stimulated FSCL contraction; (3) addition of exogenous CTGF to the TGF-␤1-treated FSCLs, when CTGF expression was inhibited by CTGF antisense, stimulated FSCL contraction to a level similar to that with TGF-␤1 only.
In summary, we conclude that in the presence of mechanical stress, CTGF is necessary for TGF-␤1 stimulation of myofibroblast differentiation and subsequent collagen matrix contraction, but CTGF alone is not sufficient to induce myofibroblast differentiation and collagen matrix contraction. Thus, TGF-␤1 appears to regulate multiple genes that are essential for fibroblast-mediated contraction of stressed matrix, one of which is CTGF. Unlike TGF-␤, which is involved in many diverse physiological processes, including neoplastic progression, cell cycle regulation, and development, as well as playing pivotal roles as a suppressor of immune function and tumor growth, CTGF seems to be involved more specifically in the tissue response to injury. Thus, CTGF may be the more attractive target for future intervention strategies to prevent inappropriate wound contraction.
